objective Fluid loss during Ebola virus disease (EVD) infections from gastrointestinal dysfunction leads to volume depletion. It is possible that high environmental temperatures may exacerbate volume depletion or interfere with the provision of medical care by providers in full personal protective equipment. We investigated the effect of environmental temperature on case fatality.
Introduction
The 2014-2016 Ebola Virus Disease (EVD) epidemic in West Africa was the largest ever, infecting over 28 000 patients and claiming over 11 000 lives [1] . Persistence of Ebola virus (EBOV) in immune-privileged body fluids of survivors, as well as continued movement of communities into forested regions towards likely animal reservoirs of EBOV, make future epidemics likely [2, 3] . Though the literature is growing, there remains a critical need for research on clinical management to improve treatment and survival for patients with EVD. In particular, multisite research derived from large patient populations is crucial to better inform future response programs. As previously reported, throughout the course of the 2014-2016 epidemic, the International Medical Corps (IMC) developed a clinical database to fulfil these criteria, thereby providing a robust data cache to analyse factors that affect case fatality [4] [5] [6] [7] [8] [9] [10] .
There are no data on the effect of environmental factors on case fatality in patients with EVD, though investigation of the impact of environmental temperature on EVD prognosis is warranted. IMC Ebola Treatment Units (ETUs) were located in regions of Liberia and Sierra Leone classified as 'monsoon' climate areas, where environmental temperatures are high [11] . With full Personal Protective Equipment (PPE) to prevent EBOV transmission, clinicians caring for patients with EVD were limited to patient contact times of approximately one hour due to the danger of overheating. Maynard et al. found that EVD providers in full PPE lose 0.014 kg/min body weight in midday hours from fluid loss [12] . Patients are also exposed to intense temperatures inside of ETUs, often structures built of plastic sheeting and exposed to long hours of direct sunlight due to the West African climate. Though the exact pathophysiological process that causes death in humans with EVD has not been confirmed, >75% of individuals with EVD experience vomiting and diarrhoea, which can reach volumes of 5-10 l per day [9, 13] . Fluid and electrolyte replacement are considered some of the most important aspects of EVD care [14, 15] . Severely depleted intravascular volume may lead to hypotension and inadequate perfusion of vital organs, and is associated with poorer prognosis [15] . As high environmental temperature directly affects fluid loss, its impact on EVD outcomes may be significant.
Though previous research has investigated the effect of temperature as a predictor for EVD transmission [16, 17] , there have been no studies to date investigating the effects of environmental temperature on case fatality among EVD patients. We sought to assess the impact of environmental temperature on case fatality of EVD patients treated at IMC ETUs during the 2014-16 EVD epidemic.
Methods

Study design, patient population and ethics
The humanitarian organisation IMC operated five ETUs in Liberia and Sierra Leone during the EVD epidemic. This retrospective cohort study analysed data collected during care provision for patients with EVD admitted to IMC ETUs between September 2014 and September 2015. All patients with available outcome data were included in the study. The five ETUs were located in Bong and Margibi Counties in Liberia and in Port Loko District, Bombali District and Kambia District in Sierra Leone. The University of Liberia-Pacific Institute for Research & Evaluation Institutional Review Board (UL-IRB), the Sierra Leone Ethics and Scientific Review Committee and the Lifespan (Rhode Island Hospital) Institutional Review Board all granted ethical approval and exemption from informed consent for this study.
Data collection and management
Demographic and outcome (i.e. survived vs. deceased) data were collected upon patient triage and discharge. Clinical data were recorded on standardised forms by trained providers during the course of patient care. Data from all five IMC ETUs were combined into a unified, de-identified database as previously reported [4] . Data were quality-checked using a lot quality assurance sampling (LQAS) method. Using iterative data entry, the LQAS process achieved 99% accuracy vs. source clinical data, as previously described [4] .
Historical daily environmental temperature data for Liberia and Sierra Leone were collected from Weather Underground, a publicly available, crowd-sourced database. Historical environmental temperature data for the study period were only available from international airport locations -Lungi International Airport in Sierra Leone and Roberts International Airport in Liberia. Therefore, these data do not have ideal geographical precision. However, previous studies used temperature measurements from Freetown, Sierra Leone to assess the effect of environmental temperature on EVD transmission across Sierra Leone [17] . Sierra Leone has an area of 71 740 km 2 and is divided into two regions by the K€ oppen-Geiger Climate Classification system, which is one of the most commonly used worldwide climate classification systems [11, 18] . Lungi International Airport (Lungi, Sierra Leone) and all three IMC ETUs were located in the same 'Monsoon' classification area (Figure 1 ). Liberia has an area of 111 369 km 2 and is divided into three K€ oppen-Geiger Climate Classification areas -Roberts International Airport and both IMC ETUs in Liberia were situated within the same 'Monsoon' classification area ( Figure 1 ) [11, 19] .
Data analysis
Mean daily environmental temperatures were averaged during each patient's ETU stay. Only 1.8% of the 163 days of ETU operation in Liberia had missing temperature data, and 7.0% of the 300 days of ETU operation in Sierra Leone had missing temperature data. With one exception, missing temperature data did not exceed two consecutive days. Missing temperature data were filled in with the average of the previous and subsequent day of available data. This method was based on the assumption that environmental temperature on a particular day is likely to be similar to the previous and subsequent days, and that other variables in the dataset could not be used to impute missing temperature data. Age categories were selected based on the results of previous analyses of the impact of age on case fatality using the IMC EVD database [4] .
Analysis of average environmental temperature quintiles revealed a nonlinear association of environmental temperature and case fatality, with a threshold effect occurring at the fifth quintile. The optimal environmental temperature threshold was then determined using the cutpt package and the Liu method, which empirically determines the threshold that maximises the product of specificity and sensitivity. The following variables were analysed as potential confounders: age, sex, ETU, length of ETU operation and weeks since the opening of the first IMC ETU. Univariate analyses for categorical and continuous variables were conducted using logistic regression. Multiple logistic regression with forward variable selection and threshold for entry of P < 0.1 was subsequently used to assess independent variable association with case fatality. ETU was removed from multiple logistic regression analysis due to collinearity with the variable specifying the number of weeks since the opening of the first IMC ETU. This relationship was observed by regressing the number of weeks since the opening of the first IMC ETU against the other potential confounding variables. The interaction between ETU structure type, environmental temperature and death was analysed via a separate multivariable logistic regression model. ETUs at Makeni, Lunsar and Margibi were standard, white tents, with an outer tent composed of 450-550 gsm PVCcoated fabric 5000 mm, and an inner tent composed of 120 gsm poly-cotton. ETUs at Kambia and Bong were constructed with aluminium roofs and either brick (Kambia) or blue-tarp walls (Bong). An interaction term between ETU structure type and environmental temperature threshold was included in this model, and odds ratios of death were generated for each structure classification. Analyses were completed in Stata 14.2. Statistical significance was defined as P < 0.05, with P-values derived from Z-scores in regression analysis.
Results
Population characteristics
Four hundred and seventy patients diagnosed with EVD were admitted during the study period, of whom five were transferred to other facilities and excluded from analysis. Among all EVD patients with available survival data (n = 465), case fatality was 57.6%. Females accounted for 60.0% of the study population (Table 1 ). 9.9% of the patients (n = 46) were under-fives, 48.0% (n = 223) were 5-34 years, and 42.0% (n = 195) were 35 or older.
Univariate analyses for average environmental temperature
Univariate analysis of case fatality across environmental temperature quintiles indicated that the relationship between environmental temperature and case fatality was nonlinear; graphical analysis revealed an increase in case fatality at the fifth quintile only (Figure 2 ). The optimal threshold for average environmental temperature across a patient's ETU stay was determined empirically to be 27.4°C (81.3°F); the distribution of environmental temperatures by clinical outcome is depicted in Figure 3 . Univariate analysis of average environmental temperature across a patient's ETU stay vs. case fatality revealed a significant difference of 52.0% case fatality below the threshold vs. 70.4% above the threshold (P < 0.001) ( Table 1) .
Univariate analyses for confounding variables
There was no difference in case fatality between males and females (58.3% and 57.4% case fatality, respectively; P = 0.497), and no significant difference in case fatality across the five ETUs (case fatality of 54.3% at Bong, 68.8% at Kambia, 59.6% at Lunsar, 58.7% at Makeni and 20.0% at Margibi; P = 0.234) ( Table 1 ). Univariate analysis demonstrated that case fatality was higher among patients under 5 years of age (89.1% case fatality) and among patients 35 years and older (66.2% case fatality) than among other age groups (44.0% case fatality) (P < 0.001) ( Table 1 ). The number of weeks since the opening of the first IMC ETU was not significantly different between surviving and deceased patients (P = 0.895) ( Table 2 ). The number of weeks from the opening of each ETU until the date of patient triage into that particular ETU approached significance, with longer time open associated with lower case fatality (P = 0.076) ( Table 2) .
Multivariable analyses
In multiple logistic regression, patients with average environmental temperature greater than the threshold during their ETU stay had significantly higher odds of death than patients below the threshold (aOR = 2.5, 95% CI 1.6-3.8, P < 0.001). Patient ages less than 5 years (aOR 14.3, 95% CI 5.1-39.7, P < 0.001) or 35 and older (aOR 2.6, 95% CI 1.7-4.0, P < 0.001) were associated with increased case fatality, and number of weeks from ETU opening to patient triage (aOR 0.95, 95% CI 0.92-0.98, P = 0.003) was associated with decreased case fatality (Table 3) . 
Ebola treatment units structure sub-analysis
Of the 465 EVD-positive patients treated during the study period, 260 were treated in ETUs located in standard white tents and 205 were in aluminium-roofed structures. The odds of fatality did not differ significantly between these two groups (aOR 0.93 in aluminiumroofed structures vs. tents, 95% CI 0.6-1.1, P = 0.684).
Acknowledging that ETU material likely affects the indoor temperature inside of an ETU, and that the association between environmental temperature and case fatality may then vary between different types of ETUs, we conducted a sub-analysis to assess the interaction among environmental temperature, ETU material and case fatality. In multivariable analysis, among patients treated in tents, environmental temperature above vs. below threshold was associated with higher odds of death (aOR 3.89, 95% CI 2.12-7.15, P < 0.001). Among patients treated in aluminium-roofed structures, environmental temperature was not significantly associated with death (aOR 1.27, 95% CI 0.64-2.52, P = 0.485). The difference between odds ratios for the two structure types was statistically significant (P = 0.016). The temperature threshold remained at 27.4°C (81.3°F) when including only patients treated in tent ETUs.
Discussion
This is the first study to investigate the effect of environmental temperature on case fatality in EVD. In multivariable analyses, the odds of death were over two and a half times higher among EVD patients for whom the average environmental temperature was above 27.4°C (81.3°F) during their ETU stay as compared to those with averages below 27.4°C. Sub-analysis by ETU structure type revealed that this effect was only significant among patients treated in ETUs set up in white tent structures. These results suggest that environmental temperature should be considered in future EVD response efforts and that the adjustment of indoor temperature, especially through the construction of cooler ETUs, could potentially reduce case fatality in future outbreaks. These findings have potential implications for the way ETUs are built or modified and should inform biomedical engineering. They suggest that standard white tents should be replaced with structures that retain less heat, such as structures with aluminium or other reflective roofs. Another option is to find innovative approaches to ETU construction that reduce heat. In 2015, four ETUs were built with the goal of controlling temperature. Citing Liberia's climate and hot environmental temperatures, the Welthungerhilfe, a German non-governmental organisation funded by USAID, constructed four bamboo-walled ETUs to minimise captured heat [20] . Installation of air conditioning systems in ETUs is another option for achieving climate control, but may not be possible in all ETUs due to high costs for installation and utilisation in low-and middle-income countries (LMIC). If significant increases in EVD case fatality at higher average environmental temperatures are confirmed in future studies, more intense efforts should be made to improve temperature control in ETUs.
Additional follow-up studies should explore why environmental temperatures affect EVD case fatality to better disentangle the impacts on patient physiology vs. inhibition of care delivery. The threat of overheating and fluid loss for EVD providers in full PPE limits the amount of time that can be spent caring for patients [12] . It is possible that on days with relatively higher ambient temperatures, the amount of time providers can spend with patients is further limited, and that this could negatively impact patient outcomes. Alternatively, higher environmental temperatures could increase fluid losses, exacerbating the effects of gastrointestinal losses from EVD and insensible losses via hyperpyrexia compensatory physiological responses leading to increased volume depletion and higher case fatality [9, 13, 15] . In such a case, the prevention, identification and treatment of dehydration may be of particular importance when environmental temperature is high. It is also possible that the association between heat and case fatality is influenced by other confounding variables yet to be adequately identified. An unlikely explanation for our findings is that the average environmental temperature across ETU stays was higher among deceased patients because the duration of ETU stay among deceased patients was shorter on average than that among patients who survived, as previously reported in the analyses using this dataset [4] . Shorter ETU stays could lead to more aberrant average environmental temperatures; as fewer days are included in the average. However, this interpretation is highly unlikely, as we would expect to also see higher case fatality among patients with the lowest environmental temperature averages, which we did not find in our analysis. This study's main limitation was the location from which the temperature data were sourced, and that indoor daily temperatures for each ETU were not available. Therefore, our environmental temperature data serve as an indirect proxy variable for the indoor daily temperatures at each ETU. Historical environmental temperature data for the study period could only be found at international airport locations in Sierra Leone and Liberia. Environmental temperatures at these locations likely differ slightly from the exact temperatures inside of the IMC ETUs. However, as described in the methods section, the IMC ETUs were in reasonable proximity to the airports, and their locations were within the same K€ oppen-Geiger Climate Classification areas. Furthermore, previous research has shown that temperature measured inside of tent structures can be higher than environmental temperature and varies between tents constructed with different materials, but that indoor temperature was correlated with outdoor environmental temperature throughout the day regardless of tent material [21] . Overall, this suggests that temperature data used in this analysis is an adequate proxy with which to analyse these effects [11] . Follow-up studies should further explore the effect of temperature on EVD case fatality outcomes using temperature data sourced from inside each individual ETU. It is also important to emphasise that the observed threshold of 27.4°C (81.3°F) reflects only environmental temperature and not temperature inside of the ETUs. It is almost certain that any threshold calculated using temperatures inside ETUs would differ from that observed in this study.
This analysis is limited by its retrospective design and our inability to control for all relevant factors that may have influenced case fatality. In particular, increased viral load and decreased polymerase chain reaction (PCR) cycle threshold (CT) values, which inversely approximate viral load, have been shown to be significantly associated with case fatality in EVD [22] [23] [24] . Neither viral load nor PCR CT value were controlled for in this study. Similarly, specific symptoms have been associated with case fatality in EVD, and symptoms were not included in this study [9, 23, 24] .
In conclusion, patients treated in white tents with an average environmental temperature >27.4°C (81.3°F) during their ETU stay had significantly higher odds of death than patients below the threshold. Follow-up studies are needed to confirm these results using temperature data from inside ETUs, and to find out why environmental factors seem to impact EVD clinical outcomes. Given the high case fatality associated with EVD, all approaches with the goal of reducing case fatality -including clinical, environmental and others -should be explored. This study suggests that avoiding white tent structures or installing temperature control in ETUs could reduce case fatality in future EVD outbreaks.
